Background: Simian immunodeficiency virus of chimpanzees (SIVcpz), the progenitor of human immunodeficiency virus type 1 (HIV-1), is associated with increased mortality and AIDS-like immunopathology in wild-living chimpanzees (Pan troglodytes). Surprisingly, however, similar findings have not been reported for chimpanzees experimentally infected with SIVcpz in captivity, raising questions about the intrinsic pathogenicity of this lentivirus.
Background
SIVcpz infection is common and widespread in two chimpanzee subspecies, the central chimpanzee (P. t. troglodytes) in west central Africa and the eastern chimpanzee (P. t. schweinfurthii) in the Democratic Republic of the Congo (DRC) and countries to the east [1] [2] [3] [4] [5] . Two other subspecies in west Africa (P. t. verus) and Nigeria/Cameroon (P. t. ellioti) are free of SIVcpz infection [3, 6, 7] , because chimpanzees acquired this virus relatively more recently following the cross-species transmission and recombination of SIVs infecting monkeys on which they prey [8] . SIVcpz has been reported to have a negative impact on the health, reproduction and lifespan of chimpanzees living in the wild. Comprehensive natural history studies in Gombe National Park, Tanzania, revealed that SIVcpz-infected chimpanzees have a 10-16 fold increased risk of death and can develop CD4+ T cell depletion and AIDS-like immunopathology [9, 10] . Moreover, SIVcpz infected females were found to have lower birth rates and higher infant mortality compared to non-infected females [9] , and one community with a high SIVcpz prevalence suffered a catastrophic population decline [11] . These results indicated that SIVcpz, unlike SIVs infecting other African primates such as sooty mangabeys (Cercocebus atys) or vervet monkeys (Chlorocebus pygerythrus), is pathogenic in its natural chimpanzee host [9] [10] [11] .
P. t. verus apes comprise the great majority of captive chimpanzees worldwide, with 95% of founder animals in the United States having originated from West Africa [6, 12] . This explains the paucity of SIVcpz infections in captive populations, although a handful of SIVcpz infected P. t. troglodytes and P. t. schweinfurthii apes have been identified [13] [14] [15] [16] . One such chimpanzee (Goran), who was rescued in Cameroon and studied in captivity for several years, developed CD4 T+ cell decline, severe thrombocytopenia, weight loss, and recurrent infections, and ultimately died of an AIDS-like illness [13] . Another chimpanzee (Noah), who was captured in the DRC and kept in a European primate center, also exhibited thrombocytopenia and some immunopathology [17] . Still another chimpanzee (Marilyn), who was wild-caught in west central Africa and utilized for biomedical research in the US, had normal laboratory and clinical findings, but died at age 26 after giving birth to still-born twins [14] . Finally, a number of bushmeat orphans identified in Gabon (GAB1 and GAB2) and Cameroon (CAM3, CAM4, CAM5, CAM13) were shown to be SIVcpz infected, but none of these could be studied prospectively since most died shortly after being rescued [15, 16] . Thus, only three naturally SIVcpz infected apes have been studied in captivity for an extended period of time.
Although most experimental lentivirus infections of chimpanzees were performed using HIV-1, a handful were infected with SIVcpz [17, 18] . Of six P. t. verus and two P. t. schweinfurthii apes exposed to SIVcpz by intravenous, intra-rectal or intra-vaginal routes, six became productively infected [18] . Three of these subsequently died of cardiomyopathy, a frequent cause of death in captive chimpanzees unrelated to SIVcpz infection, while the other three remained clinically healthy for as many as 16 years. The seeming absence of disease progression in these animals prompted speculation that the increased mortality associated with SIVcpz in the wild might be due to factors other than, or in addition to, their lentiviral infection [17] . In addition, the possibility was raised that members of the P. t. verus subspecies, which are not naturally infected, may be more resistant to SIVcpz pathogenicity and/or that the SIVcpzANT strain used for these experimental infections was somehow attenuated [17] . Here, we studied one of these chimpanzees after his transfer from the Southwest National Primate Research Center to the Chimp Haven sanctuary, documenting disease progression and clinical immunodeficiency requiring antiretroviral therapy.
Immunodeficiency in a western chimpanzee experimentally infected with SIVcpz
Cotton is a 40-year old male chimpanzee (also termed X115; Fig. 1a ) who was experimentally infected with SIVcpzANT in 1996 after an earlier exposure to HIV-1/ IIIb [18] . The SIVcpz stock used for his infection was generated without interim in vitro culture by transferring peripheral blood mononuclear cells (PBMCs) from a naturally infected eastern chimpanzee (Noah, Ch-No) [19] to an uninfected cage mate (Niko; Ch-Ni), and then using plasma collected during the acute infection phase for intra-rectal inoculation of Cotton and others [18] . Immediately after SIVcpz infection, Cotton experienced CD4+ T cell depletion, which was followed by partial restoration and then gradual decline of CD4+ T cell levels over time [17] . Cotton arrived at the US sanctuary Chimp Haven in 2006 and CD4+ T cell counts determined in 2010 and 2014 showed 229 and 220 cells/μl, compared to ~1500 cells/μl before the infection [17] . Cotton also had low platelet counts of 101,000/μl and 90,000/μl in 2014 and 2015 (normal range 130,500-379,930/μl [20] ), low albumin levels (2.0 g/dl, normal range 3.3-4.1 g/dl [20] ), and persistent soft tissue infections. The latter were first noted in 2009 and included a necrotizing infection of the hand. In 2014, he developed purulent anal fistulas that persisted despite debridement and administration of multiple rounds of broad-spectrum antibiotics delivered orally and intravenously over the course of more than three months. The low CD4+ T cell counts, thrombocytopenia, hypoalbuminemia, and treatment-refractory soft tissue infections suggested that Cotton suffered from SIVcpz induced immunodeficiency.
To determine whether Cotton's clinical symptoms were indeed a consequence of long-term SIVcpz infection, we determined his virus load in plasma samples taken as part of routine health examinations at Chimp Haven, as well as in a limited number of archived samples that were still available for years [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] (Fig. 1b) . Since Cotton was exposed to HIV-1 prior to SIVcpzANT inoculation [18] , we used a sensitive RT-qPCR method designed to amplify both HIV-1 and divergent SIVcpz strains by targeting a highly conserved region in the viral LTR [21] . This analysis revealed plasma viral titers ranging from 54,000 RNA copies/ml in 2001 to 1,441,000 RNA copies/ml in 2012 (Fig. 1b) , significantly higher than previously reported for some of these same time points [17] . Since our RT-qPCR approach was rigorously validated using both human and chimpanzee plasma samples of known viral content, the previous results likely represent an underestimation of Cotton's viral loads. To exclude a low-level HIV-1 infection, we sequenced the 121 base pair LTR region used for RT-qPCR analysis (Fig. 1c ). Amplicons were prepared for MiSeq sequencing (Nextera DNA Library Prep Kit, Illumina, La Jolla, CA, USA) and the resulting reads were mapped to HIV-1 and SIVcpzPts reference sequences, since LTR sequences of the original SIVcpzANT isolate are not available [22] . This approach yielded 11,679 paired-end reads, all of which were much more closely related to SIVcpzPts than to HIV-1 sequences, including HIV-1/IIIb (Fig. 1c) , indicating that Cotton is solely infected with SIVcpzANT.
Antiretroviral therapy of SIVcpz-induced clinical immunodeficiency
Given Cotton's laboratory and clinical findings, antiretroviral therapy (ART) was initiated on January 19, 2015, using a combination of the nucleoside reverse transcriptase inhibitors tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC), and the integrase strand transfer inhibitor dolutegravir (DTG) at daily doses of 300, 200 and 50 mg, respectively. This regimen was selected because it is recommended for HIV-1 infected adults [23] and potently inhibits both HIV-1 and HIV-2 in humans [24] [25] [26] [27] . It also potently inhibits SIVmac, a virus even more distantly related to HIV-1 than SIVcpzANT, in experimentally infected rhesus macaques [28] . As shown in Fig. 1b , this regimen reduced SIVcpzANT viremia in Cotton to undetectable levels as determined by RT-qPCR (less than 200 copies/ml) at the first blood analysis 7 weeks after initiation of therapy (3/12/15 CH40  SF33  AD87  CH58  CAM1  REJO  BF1167  TAN2  TAN3  TAN5  TAN13  UG38 The treatment refractory anal fistulas healed completely within 4 weeks of onset of therapy, and CD4 T cell counts increased from 220 to 509 cells/μl after 2 years of treatment (1/17/17), demonstrating the effectiveness of this regimen in achieving clinical improvement. Cotton received ART daily by oral administration of crushed tablets dissolved in diluted fruit syrup, but caretakers noticed that he did not always ingest his medication completely. We thus continued to monitor his virus load in blood samples obtained during his bi-annual medical evaluations. Indeed, nine months following initiation of therapy (9/25/15), virus was again detectable (4760 RNA copies/ml) in his plasma (Fig. 1b) . To determine whether this rebound viremia was due to insufficient drug levels, one pre-treatment and four post-treatment plasma samples were sent to the Clinical Pharmacology and Analytical Chemistry Core at the UNC Center for AIDS Research to quantitate plasma concentrations. This analysis revealed drug concentrations of 1.08, 14.70 and 1.30 ng/ml for tenofovir (TFV, the metabolized product of TDF), FTC and DTG, respectively, at the first time point of viral rebound (9/25/15) (Fig. 2a) , which were significantly below the in vitro 50% HIV-1 inhibitory concentration (IC 50 ) of TFV (7.8 μg/ml) [29] and the 90% HIV-1 inhibitory concentrations (IC 90 ) of FTC (51 ng/ml) and DTG (64 ng/ml) [30, 31] , respectively. After caretakers improved oral administration by suspending the crushed tablets in more concentrated fruit syrup, plasma concentrations of TFV, FTC and DTG increased to 7.56, 46.90 and 47.20 ng/ml, respectively (Fig. 2a) , which resulted in a concomitant reduction in viremia back to undetectable levels (Fig. 1b) . However, these plasma concentrations were still significantly lower than typical human trough concentrations for this same regimen (54 ng/ml for TFV, 75 ng/ml for FTC and 830 ng/ml for DTG) [32, 33] . Since FTC and TDF are metabolized in the kidney [34] , while DTG is metabolized in the liver [35] , the uniformly low plasma concentrations are most likely due to insufficient drug uptake, although differences in pharmacokinetics between chimpanzees and humans cannot be excluded. The timing of sample collection could have also played a role since the interval between plasma collection and the last drug administration was not recorded.
Development of drug resistance
Insufficient drug concentrations are known to facilitate the emergence of drug resistance [36] . We thus used single genome amplification (SGA) to generate full-length pol gene sequences from pre-and post-treatment plasma samples. Briefly, plasma RNA was extracted, reverse transcribed, and the resulting cDNA end-point diluted to single template levels. Full-length pol genes were amplified and sequenced, and amplicons comprising more than one variant discarded [37] . This analysis revealed the emergence of M184V and M184I mutations in the conserved YMDD motif of the viral reverse transcriptase (RT) nine months after the onset of therapy (Fig. 2b) . In HIV-1 infected humans, these mutations are known to confer resistance to FTC and to represent a first indication of a failing ART regimen [36, 38] . Viruses containing the M184I (ATG to ATA) mutation usually emerge first, but are rapidly outcompeted by viruses containing the M184V (ATG to GTG) mutation [39] due to their enhanced replication fitness [40] . Interestingly, this was not the case in Cotton where both M184I (ATG to ATA) and M184V (ATG to GTA) were observed at viral rebound, but M184I remained the predominant mutation (Fig. 2b) . Importantly, other mutations known to be associated with TFV and DVG resistance were not observed in any of the post-treatment sequences, and the most recent plasma sample, which was RT-qPCR negative (1/17/17), also failed to yield pol amplicons, suggesting complete virus suppression.
The low plasma drug concentrations and emergence of FTC escape mutations suggested that the initial treatment failed to fully suppress virus replication in Cotton, despite viral load measurements below the limits of detection (<200 copies/ml) in the first post-treatment sample (3/12/15). Treatment interruptions of fully suppressed HIV-1 infected humans usually result in the emergence of multiple viral lineages [41] [42] [43] [44] The in vitro 50% HIV-1 inhibitory concentrations (IC 50 ) of TFV (7.8 μg/ml) is off-scale and thus not shown. b Mutations in reverse transcriptase and integrase regions associated with TFV, FTC, and DTG drug resistance in HIV-1 infection. A schematic representation of pol gene proteins is shown with common amino acid substitutions known to confer drug resistance indicated. Pol sequences generated from Cotton's plasma using SGA approaches are listed by time points. Residues that are mutated compared to the pre-treatment consensus sequence are highlighted in color (identical residues are shown in grey). Pol sequences were also analyzed for less common substitutions associated with DTG resistance [54] , but were free of such mutations stochastically from latently infected cells rather than from concurrent low-level replication [45] . To examine the origin of Cotton's rebound virus, we used SGA to amplify 3′ half viral genomes before and after treatment initiation [46] . Maximum likelihood analysis [47] of 194 full-length env gene sequences revealed that the majority of rebound viruses fell within the radiation of strains sampled immediately prior to treatment (11/25/14) , with only two post-treatment sequences clustering with viruses from 2006 (Fig. 3) . Thus, viral rebound in Cotton resulted primarily from an outgrowth of low-level viremia rather than from reactivated latently infected cells. Our ability to amplify three pol gene sequences from the first post treatment sample (3/12/15) that was RT-qPCR negative is consistent with this (Fig. 2b) . We also observed progressive diversification of pre-treatment SIVcpzANT env sequences over time, similar to what has been described for HIV-1 infected humans [48, 49] . Although these env sequences clustered almost exclusively by time point, this exaggerated bottlenecking is likely due to long sampling intervals rather than differences in the pathways of SIVcpz and HIV-1 diversification. To examine this further, we analyzed the C2-V5 region, which has previously been shown to diversify at a rate of approximately 1% per year in HIV-1 infected humans [49] . Using BEAST [50] to estimate the rate of SIVcpzANT diversification in the same C2-V5 region, we found a nearly identical substitution rate of 1.01% per year. Since the earlier report [49] had not used SGA to generate viral sequences nor BEAST for their analysis, we reexamined one subject whose viral sequences were endpoint diluted prior to PCR amplification. This analysis yielded a substitution rate of 1.08% per year. Thus, the rate of SIVcpz evolution in chimpanzees appears to be very similar to that of HIV-1 in humans.
Conclusions
In summary, we report here the first case of progressive immunodeficiency and clinical disease in a western chimpanzee experimentally infected with a naturally [17] . The average time to AIDS progression in untreated HIV-1 infected humans has been estimated to range between 10 and 15 years. Thus, the natural history of SIVcpz infection, including the rate of disease progression, likely differs from that of HIV-1 infected humans, although the number of long-term followed apes is too small to draw definitive conclusions. We also show that SIVcpz associated immunodeficiency can be effectively treated with antiretroviral therapy, which decreased plasma viremia in Cotton to undetectable levels within 7 weeks and increased CD4+ T cell counts to above 500 cells/μl within 2 years after onset of therapy, although low plasma drug concentrations resulted in the emergence of FTC resistance mutations. A considerable number of HIV-1 and SIVcpz infected chimpanzees are still housed in US primate centers. This study, together with previous reports of disease progression in HIV-1 infected captive chimpanzees [51] [52] [53] , indicates that animals with high viremia and reduced CD4+ T cell counts are at risk of developing AIDS and should be treated to prevent clinical disease. However, difficulties in maintaining strict adherence of daily oral administration and possible chimpanzee-specific differences in pharmacokinetics will require careful monitoring of drug concentrations and virus suppression. This is also true for Cotton, who currently has undetectable viral loads, but whose low plasma concentrations of TFV and DFV place him at high risk of developing further resistance and treatment failure.
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